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Summary
Objective: Knowledge about the physiologic change in cartilage biomechanics, accompanying the structural
remodeling of the cartilage–bone unit during maturation, may have relevance to understand the development of joint
disease. The purpose of this study was to investigate maturation-dependent changes of compressive properties of
articular cartilage and volume fraction of subchondral tissue in healthy rabbit knees.
Methods: Cartilage compressive properties (instantaneous and creep moduli) were tested at seven defined knee joint
regions of five young (ten weeks), five adolescent (eighteen weeks) and five adult (above thirty-one weeks) healthy
rabbits with in-situ indentation tests. Morphometric analysis of volume fraction of subchondral tissue was carried out
at four regions.
Results: Cartilage stiffness (instantaneous modulus) decreased between infancy and adolescence (P Q 0.009), and
stayed then the same. A simultaneous significant change in (50-second) creep modulus was only observed at one region,
but both moduli correlated to each other. Subchondral tissue consisted of cancellous bone in the young, and formed
a more solid bone plate not before adolescence. Its volume fraction increased from infancy to adolescence (P Q 0.001),
but stayed then the same. There was a significant inverse correlation between the volume fraction of subchondral tissue
and cartilage stiffness at the four measured regions (R2 = - 0.59). The arrangement of collagen fiber bundles in the
deeper cartilage layers changed from a mesh-like structure in the young to a more perpendicular alignment in the
adolescent and adult.
Conclusion: The maturation-related change in compressive properties coincided with a conspicuous change in
volume fraction of the subchondral tissue. The main change appeared around puberty.
Keywords: Cartilage, Volume fraction of subchondral tissue, Biomechanics, Development.
Introduction
Knee joint injuries are common in adolescence.
Some of these young athletes may sustain a
chondral avulsion fracture by direct trauma or the
articular cartilage may prematurely degenerate
following ligament or meniscal injury [1, 2]. In
these cases cartilage reconstructive procedures
are required to prevent early osteoarthrosis.
Although it has been shown that cartilage tensile
stiffness changes during growth and aging [3–5],
and that compressive stiffness remains constant
during aging [6–10], there is only limited infor-
mation about alterations in compressive properties
during the maturation process [11]. We know from
a number of studies that the structure and
chemical composition of articular cartilage change
dramatically during postnatal maturation. Cell
density, and content and size of proteoglycans
decrease [12–16], collagen content increases, and
the orientation of collagen fibres in middle
and deep zones changes from a predominantly
tangential to a perpendicular arrangement in
relation to the cartilage surface [17, 18]. In
addition, it has been shown recently that the
compressive patterns of articular cartilage with
attached subchondral bone are different from
cartilage in which the subchondral bone has been
removed [19]. Thus, the structural change of
articular cartilage and subchondral bone during
the maturation process ought to be accompanied
by a significant change in compressive properties
of this tissue unit.
The rabbit knee joint has been frequently used as
model for study of articular cartilage and joint
disease [20–23]. Hence, the purpose of this study
was to investigate maturation-dependent changes
of subchondral tissue and compressive properties
of articular cartilage in healthy rabbit knees.
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Materials and methods
Both hind limbs of five young (age ten weeks),
five adolescent (eighteen weeks) and five adult
(above thirty-one weeks) healthy New Zealand
white rabbits were obtained immediately after
death, wrapped in saline soaked gauze, sealed in
airtight bags and frozen to - 20° C. The night before
testing, the specimens were stored in a refrigerator
at 4° C. All specimens underwent only a single
freeze–thaw cycle and were used within six months
after death. On the testing day, the knee joints
were carefully freed from all soft tissues including
capsule, ligaments, and menisci. Using a diamond
saw, the femoral shaft was cut obliquely just above
the end of the patellar groove and posterior
condyles. The tibia was cut horizontally approxi-
mately 5 mm below the plateau. The sawed bone
surfaces of the femoral and tibial specimens were
dried with gauze and glued separately on plastic
microscope slides with cyanoacrylate glue. The
experimental protocol was approved by a local
ethics committee.
The mechanical tests were performed with an
indentation machine with micrometer and
millinewton precision using a PC-controlled linear
motorizer as reported earlier [24]. For the testing
of the short-term cartilage stiffness the specimen
was mounted into a specimen holder, which
allowed angular adjustment around three axes and
translation along three directions. Seven defined
regions were tested in each joint: anterior and
posterior regions of the medial femoral condyle,
anterior and posterior regions of the lateral
femoral condyle, patellar groove, and the center of
the lateral and medial tibial plateaux. The chosen
locations were identified by standardized angular
fixation of the specimen in the holder [24]. Final
alignment perpendicular to the indenter was
accomplished with the aid of a dissection micro-
scope.
A 0.1 N (0.26 MPa) load was applied on the
cartilage surface using a solid cylindrical plane-
ended indenter with 0.7 mm diameter (indentation
area, 0.38 mm2). We did not use any tare load before
the test. The cartilage was loaded with a steep
instantaneous function (rise time Q 200 millisec-
onds), the load was then kept constant and the
subsequent deformation of cartilage monitored as
a function of time. To avoid deterioration of
articular cartilage during prolonged testing [25],
we chose a creep deformation time of only 55
seconds. After 5 min unloading, the indenter was
exchanged by a needle and cartilage thickness was
measured at the center of the indentation area
according to Hoch et al. [26]. Cartilage thickness
was calculated as the distance between surface
detection and the rapid increase in force when the
needle reaches calcified cartilage or subchondral
bone. In one knee of each rabbit, reliability of the
thickness measurements was evaluated at the
posterior region of the medial femoral condyle by
repeated testing within the indentation area. The
mean differences and correlation coefficients
between the two tests were calculated in each age
group. During the tests the sample was sprayed
with physiologic saline and kept moist with water
mist ducted from an ultrasonic humidifier by
means of a plastic hose.
After the measurements, the stored data were
analyzed by using MATLAB (MathWorks Inc.,
Natick, MA, U.S.A.) computing environment.
From the data, two elastic moduli, one during the
instant deformation phase (instantaneous modu-
lus) and another after 50-second creep (creep
modulus), were calculated as previously described
using an elastic solution for an indentation
problem [24, 27]. For calculation of the instan-
taneous modulus we used a Poisson’s ratio of 0.5,
for calculation of the 50-second creep modulus a
Poisson’s ratio of 0.3 according to recent publi-
cations [28, 29].
For the histologic evaluation one knee was
selected randomly from each animal. The femoral
and tibial specimens were removed from the slide,
fixed in 10% formalin, and decalcified in 20%
formic acid for approximately two weeks. Four
regions, corresponding to the indentation areas of
the medial and lateral femoral condyles (posterior
region) and the medial and lateral tibial plateaux
(central region), were separately embedded in
paraffin, sagittal sections at 5 mm thickness
perpendicular to the cartilage surface were cut,
and stained with hematoxylin-eosin, toluidine blue
and alcian blue-periodic acid Schiff. These four
regions were chosen because they represent the
joint areas which are most frequently loaded under
compression in a caged rabbit which rests in
squatting position most of the time. In addition,
only for these regions the exact position of the
indentation could be easily identified on the
sagittal sections at histologic processing. On the
medial and lateral tibial plateaux the indentation
had been made in the center, and on the femoral
condyles it had been made on the apex of the
posterior curvature. Dissection of the knee joint
into more samples would also have increased the
risk for damage. All samples were examined with
a polarized light microscope. Beside qualitative
description of subchondral morphology, an at-
tempt was made to quantify subchondral tissue in
the different age groups in order to correlate these
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values with the biomechanical data. In young
animals, subchondral tissue is composed of a
mixture of calcified cartilage and cancellous bone,
which is morphologically completely different from
the more solid bone found in older animals [Figs.
1(a–c)]. One side effect of this maturation-related
Fig. 1. Photomicrographs (alcian blue-periodic acid
Schiff, · 20) of articular cartilage of the medial femoral
condyle in young (a), adolescent (b) and adult (c) rabbits.
(a) The cartilage is highly cellular and shows mitotic
activity in superficial and intermediate layers. The
chondrocytes do not yet have a palisade arrangement.
The bone beneath the cartilage is cancellous and shows
a high number of calcified cartilage spiculae (arrow
heads). The border between cartilage and subchondral
bone is hard to define, and no subchondral bone plate
has yet formed. Subchondral bone thickness could not be
measured in this age group. Line 1 (L1) marks the
cartilage surface, and line 2 (L2) connects the peripheral
margins of the most advanced islands of trabecular
bone, indicating the border between articular cartilage
and subchondral tissue. The mean distance between
L1 and L2 represents the thickness of articular
cartilage. The square (1 · 0.25 mm) for measurement
of subchondral tissue volume fraction is outlined
immediately under L2.
(b) The cartilage is less cellular than in the young
animals and mitotic activity has decreased. The
subchondral bone is more dense, calcified cartilage
spiculae (arrow heads) are less frequent, and a
subchondral plate has formed. Line 2 (L2) connects the
most advanced margins of subchondral bone, and line 3
(L3) connects the roofs of the marrow cavity (definition
of L1 see above). The mean distance between L1 and L2
represents thickness of articular cartilage including its
calcified layer. The mean distance between L2 and L3
indicates the thickness of the subchondral bone plate.
The square indicates the marked area for the subchon-
dral volume fraction measurements.
(c) There is now a clearly defined border between the
subchondral bone plate and articular cartilage. Calcified
cartilage spiculae (arrow head) are only rarely seen
in subchondral bone. See Figures 1a,b for further
explanation.
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Table I
Thickness (mm) of articular cartilage. Mean 2 SD
Region* Young Adolescent Adult All
N = 5 N = 5 N = 5 N = 15
FAM 0.39 2 0.12 0.31 2 0.07 0.29 2 0.06 0.33 2 0.09
FAL 0.34 2 0.10a 0.18 2 0.02 0.17 2 0.05 0.23 2 0.10†
PG 0.42 2 0.05 0.34 2 0.07 0.44 2 0.08 0.40 2 0.08
FPM 0.36 2 0.07 0.36 2 0.06 0.40 2 0.10 0.37 2 0.07
FPL 0.35 2 0.06a 0.24 2 0.04 0.28 2 0.04 0.29 2 0.06
TM 0.61 2 0.06 0.66 2 0.12 0.86 2 0.19 0.71 2 0.17‡
TL 0.31 2 0.03b 0.30 2 0.10 0.46 2 0.03 0.36 2 0.10
Average** 0.40 2 0.06 0.34 2 0.06 0.42 2 0.04 0.38 2 0.06
FAM\ anterior region of the medial femoral condyle^ FAL\ anterior region of the lateral femoral
condyle^ PG\ patellar groove^ FPM\ posterior region of the medial femoral condyle^ FPL\ posterior region
of the lateral femoral condyle^ TM\ centre of the medial tibial plateaus^ and TL\ centre of the lateral tibial
plateau[
After combination of the seven regions[
aPQ 9[998 compared to adolescent and adult rabbits[
bPQ 9[998 compared to adult rabbits[
$PQ 9[993 compared to other regions except FPL[
%PQ 9[990 compared to other regions[
structural remodeling is that subchondral tissue
becomes more solid. Thus the change in mor-
phology coincides with an increase in subchondral
volume fraction. Therefore, in the absence of a
comprehensive method to quantify the changes in
tissue distribution and morphology, simply the
volume fraction of the subchondral tissue in
relation to marrow spaces was calculated in a
representative, central sampling area from each
region using image analysis (Media Cybernetics,
Inc. U.S.A.). This method is of course, unable to
directly describe the changes in tissue distri-
bution, structural properties and mineralisation
during maturation which probably are of main
importance for cartilage mechanics. For calcu-
lation of volume fraction, a line was drawn at the
site of indentation which connected the peripheral
margins of the most advanced islands of trabecular
(young and adolescent animals) or subchondral
bone (adult animals), indicating the border
Table II
Instantaneous and 50-second creep moduli (within brackets) (MPa) of articular
cartilage. Mean 2 SD
Region* Young Adolescent Adult All
N = 5 N = 5 N = 5 N = 15
FAM 1.88 2 0.63 1.36 2 0.20 1.62 2 0.67 1.62 2 0.55
(0.59 2 0.16) (0.54 2 0.07) (0.59 2 0.03) (0.57 2 0.10)
FAL 2.81 2 0.58a 1.16 2 0.23 0.92 2 0.16 1.63 2 0.94
(0.66 2 0.12)c (0.44 2 0.05) (0.56 2 0.14) (0.56 2 0.14)
PG 2.90 2 0.51 2.73 2 1.09 2.51 2 1.15 2.71 2 0.91†
(0.77 2 0.23) (0.93 2 0.33) (1.06 2 0.16) (0.92 2 0.26)‡
FPM 3.08 2 0.43a 1.73 2 0.55 1.47 2 0.45 2.09 2 0.86
(0.83 2 0.06) (0.74 2 0.16) (1.00 2 0.18) (0.86 2 0.17)
FPL 2.85 2 0.76a 1.60 2 0.56 1.48 2 0.27 1.98 2 0.83
(0.72 2 0.06) (0.64 2 0.10) (0.78 2 0.21) (0.71 2 0.14)
TM 1.64 2 0.44a 0.68 2 0.25 0.81 2 0.33 1.05 2 0.55
(0.72 2 0.07) (0.45 2 0.18) (0.62 2 0.30) (0.60 2 0.22)
TL 2.38 2 0.59a 1.17 2 0.31 0.91 2 0.61 1.49 2 0.82
(0.85 2 0.21) (0.70 2 0.10) (0.58 2 0.20) (0.71 2 0.20)
Average** 2.51 2 0.31b 1.49 2 0.36 1.39 2 0.13 1.79 2 0.59
(0.74 2 0.07) (0.64 2 0.10) (0.74 2 0.08) (0.70 2 0.09)
See Table I for explanation[
After combination of the seven regions[
aPQ 9[905 compared with adolescent and adult rabbits[
bPQ 9[998 compared with adolescent and adult rabbits[
cPQ 9[998 compared with adolescent rabbits[
$PQ 9[993 compared with other regions except FPM and FPL[
%PQ 9[993 compared with FAM and FAL[
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Fig. 2. Photomicrographs (polarization, · 20) of articular
cartilage in a young (a) and an adult (b) rabbit.
(a) The collagen fibres bundles of the cartilage matrix
show a mesh-like arrangement in deeper layers. (b) The
collagen fibre bundles show a perpendicular alignment
in relation to the surface.
between cartilage and subchondral tissue. Immedi-
ately under this line a square of 1 mm length and
0.25 mm depth was outlined. The bone marrow
spaces in the square were marked and their area
measured. The percentage of bone or combined
bone and calcified cartilaginous tissues versus
area analyzed was calculated [Figs. 1(a–c)].
Reproducibility of the volume fraction measure-
ments was analyzed by repeated testing at the
posterior region of the medial femoral condyle in
five young rabbits. In the same sample, the
thickness of the subchondral bone plate if present,
and cartilage thickness were measured. Subchon-
dral bone thickness was defined as the mean
distance between the above-defined border be-
tween subchondral tissue and cartilage and a line
connecting the roofs of the marrow cavity [Figs.
1(b,c)]. In young animals the thickness of subchon-
dral bone could not be measured because no
defined plate had yet formed. Cartilage thickness
(including calcified cartilage) was defined as the
mean distance between the cartilage surface and
the border between subchondral tissue and
cartilage. The number of cell mitoses in cartilage,
characterized by appearance of two chondrocyte
nuclei within the same lacuna or two closely
related chondrocytes without separating extra-
cellular matrix, was counted in all knees at the
anterior region of the medial femoral condyle over
the whole thickness of cartilage at a length of
0.24 mm.
Fig. 3. Subchondral tissue volume fraction (mean 2 SD)
in young, adolescent and adult rabbits in the posterior
regions of the medial (q) and lateral (Q) femoral
condyles, and the central regions of the medial (,) and
lateral (;) tibial plateaux. Subchondral tissue volume
fraction was lower in young than adolescent or adult
rabbits at all regions (P Q 0.001), it was similar in the
latter two.
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Fig. 4. Correlation (with 95% confidence limit) between
subchondral bone tissue fraction and instantaneous
modulus (four regions combined, R2 = - 0.59, P Q 0.000).
individual joint regions were compared separately,
cartilage thickness at anterior and posterior
regions of the lateral femoral condyle decreased
between ten and eighteen weeks (early maturation)
(P Q 0.009), but stayed unchanged between eigh-
teen weeks and adulthood (late maturation). In
contrast, cartilage thickness at the lateral tibial
plateau increased from ten weeks to adulthood
(P Q 0.009). Independent of maturation stage, the
cartilage at the central region of the medial tibial
plateau was thicker than at other regions
(P Q 0.001), and the cartilage at the anterior region
of the lateral femoral condyle was the thinnest
(P Q 0.004) except for the posterior region of the
lateral femoral condyle (Table I).
The mean instantaneous modulus decreased
significantly during early maturation (P Q 0.009),
but stayed the same during late maturation (Table
II), when the values of all joint regions were
averaged. However, when each of the seven
regions was analyzed separately, the instan-
taneous moduli in the young rabbits were
significantly higher than in the adolescent and
adult rabbits (P Q 0.016) at all regions except for
the anterior region of the medial femoral condyle
and patella groove, where no significant matu-
ration-dependent change was noted. When the
results of all joint regions were averaged, there
was no significant change in creep moduli during
maturation, but at separate analysis the creep
modulus in young rabbits was higher at the
anterior region of the lateral femoral condyle than
in adolescent animals (P Q 0.009, table II). At all
maturation stages, the cartilage in the patellar
groove had higher instantaneous moduli than at
other regions (P Q 0.004) except for the posterior
regions of both femoral condyles, and showed a
higher 50-second modulus than at the anterior
regions of both femoral condyles (P Q 0.004).
During the whole maturation period there was a
significant positive correlation between instan-
taneous and creep moduli at all tested regions
(R2 = 0.36; P Q 0.01). At separate analysis, R2 was
0.29, 0.78 and 0.36 respectively in the young,
adolescent and adult rabbits.
The histologic sections showed no decreased
matrix stain or other signs for degeneration in any
specimen. Cartilage cellularity and mitotic ac-
tivity (young animals: 389 2 100 mitoses/mm2,
mean 2 SD; adolescent: 191 2 23; adult: 62 2 33;
P Q 0.01) decreased with maturation stage. Under
polarized light, the arrangement of collagen fiber
bundles in the deeper cartilage layers changed
from a mesh-like structure in the young rabbits to
a more perpendicular alignment in the adolescent
and adult [Figs. 2(a,b)]. The parallel alignment of
statistics
Cartilage thickness, and instantaneous- and
50-second moduli at the different joint regions did
not differ between right and left knees in all age
groups. We therefore combined the values of left
and right knees for the statistical evaluation.
Kruskal–Wallis ANOVA and Mann–Whitney U
tests were used for analysis of maturation-depen-
dent differences between the different groups of
animals. Friedman repeated measures ANOVA and
Wilcoxon signed rank tests were used for the
analysis of regional differences within the same
animal. Adjustment for multiple comparisons was
done by dividing the P-value ( Q 0.05) by the
number of comparisons (Bonferroni correction
[30]). Thus, for analysis of maturation-dependent
differences a P-value of Q 0.017 was required for
significant difference, and for analysis of regional
differences a P-value of Q 0.004. The Pearson test
was used for correlation.
Results
The test–retest correlation coefficient for re-
peated thickness measurements using the needle
method was R2 = 0.85 (P Q 0.000); the mean differ-
ence between the tests was 0.020 mm (range
0.013–0.026 within a 95% confidence interval), with
no differences between the age groups. The
measurements with the needle correlated with the
values of the histomorphometric analysis of
cartilage thickness (R2 = 0.78, P Q 0.000); the mean
difference between the methods was 0.038 mm
(range 0.023–0.053 within a 95% confidence
interval).
Overall cartilage thickness did not change
between ten weeks and adulthood, when the
results of all joint regions were averaged at each
maturation stage (Table I). However, when
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the collagen fibers bundles near the cartilage
surface was conspicuous already in young animals.
In the young animals, the process of secondary
ossification of the femoral and tibial epiphyses was
not yet completed, the subchondral bone was
cancellous, and subsequently, a subchondral bone
plate had not readily formed [Fig. 1(a)]. In the
adolescent and adult a subchondral bone plate was
present [Figs 1(b,c)]. The number of calcified
cartilage spiculae in subchondral bone diminished
with maturation [Figs 1(a-c)]. The test–retest
correlation coefficient for repeated bone volume
fraction measurements was R2 = 0.97 (P Q 0.003);
the mean difference between the tests was 1.3%
(range 0.2–2.8% within a 95% confidence interval).
Subchondral tissue volume fraction at each of the
four regions was lower in young than adolescent or
adult rabbits (P Q 0.001), it was similar in the
latter two (Fig. 3). An inverse correlation was
found between instantaneous modulus and sub-
chondral tissue volume fraction at the four
measured regions [posterior region of the medial
femoral condyle, R2 = - 0.53 (P Q 0.002); posterior
region of the lateral femoral condyle, R2 = - 0.82
(P Q 0.000); medial tibia plateau, R2 = - 0.82
(P Q 0.000); lateral tibia plateau, R2 = - 0.68
(P Q 0.000)] (Fig. 4). Because of the above-men-
tioned morphologic characteristics in the young,
subchondral bone thickness could only be deter-
mined in older animals. It was similar in
adolescent and adult rabbits varying between
mean 0.37 and 0.59 mm.
Discussion
The key finding in the present study was that
articular cartilage instantaneous compressive
stiffness in the rabbit knee decreased during early
maturation around puberty, which correlated with
the simultaneous increase in volume fraction of
subchondral tissue. However, it is difficult to
decide whether the change in subchondral volume
fraction caused the change in cartilage mechanics
or whether both changes just coincided during the
maturation process. The volume fraction of
subchondral tissue in young animals is composed
of a mixture of cancellous bone and calcified
cartilage and differs completely in morphology
from that in older animals, which consists
predominantly of bone. Probably, the alterations
in cartilage mechanics between youth and adult-
hood are rather connected to these substantial
changes in subchondral tissue architecture and
properties than to the change in subchondral
volume fraction. In addition, volume fraction was
only measured in a comparably small area directly
below articular cartilage and no attempt was made
to describe or measure the morphology of the
deeper subchondral bone layers. Recently it has
been demonstrated that articular cartilage stiff-
ness is positively correlated to the stiffness of
trabecular bone below the subchondral bone plate
[31]. Despite the significant correlation between
instantaneous and creep moduli, the latter showed
a similar, significant maturation-related change as
the former only at a single joint region. This noted
difference in creep modulus was of lower magni-
tude compared to the instantaneous moduli. With
the low P-value (P Q 0.017–0.004) required to avoid
type I error during multiple testing, and the
inter-animal variations, it is rather difficult to pick
up small differences. In addition, the correlation
between instantaneous and creep moduli was
rather low in the young and adult animals. Despite
absence of a subchondral bone plate in the young
animals, cartilage thickness measurements using
the needle were similarly reproducible in this age
group as in older animals, with a mean difference
between repeated tests of less than 10% of
cartilage thickness.
At first sight, our results contradict the results
of a recent study by Niederauer et al. [11], who
studied in-situ cartilage compressive properties in
baboons. They reported that the cartilage in
immature (infant and adolescent) animals was
softer than in the adult [11]. However, the mixture
of newborn and adolescent animals with a large
range of ages in this study makes a differentiation
during the early maturation process impossible,
and, thus, a comparison to our study is difficult.
Most of the noted changes in our study happened
just between 10 and 18 weeks (between infancy and
adolescence). Puberty occurs in the rabbit during
this time. After puberty, between adolescence and
adulthood, we did not note any further change in
articular cartilage compressive properties and
subchondral volume fraction. Similarly, Hoch et al.
[26] reported no significant difference in Young’s
modulus between late adolescence (six-month-old
rabbits) and adulthood (nineteen-month-old rab-
bits) using in-situ indentation. Thus, most biome-
chanical changes occurred during puberty of the
animal, which coincides with a significant struc-
tural and biochemical remodeling of the cartilage–
bone unit [12–16].
Cartilage stiffness has been found positively
correlated to proteoglycan size and content
[32, 33]. It has been previously found that
proteoglycan content decreases with increasing
maturation and stays then constant during
adulthood, after growth is completed [13, 14].
Proteoglycan synthesis decreases, when adulthood
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is reached, and also the incorporation rate of
newly synthesized proteoglycan into stable aggre-
gates diminishes [34]. In addition, both proteogly-
can monomers and aggregates become shorter in
size between infancy and adulthood as demon-
strated by an electron microscopic investigation of
three-month-old calf and eigtheen-month-old steer
cartilage [15]. These biochemical findings agree
well with the here-observed decrease in instan-
taneous cartilage stiffness between infancy and
adolescence or adulthood.
In a study of rabbit knee articular cartilage,
Heise et al. [35] showed that the glycosaminogly-
can content of cartilage was maturation-related
but they did not note regional variations. We found
the cartilage in the patellar groove stiffer than in
other regions, which agrees with a previous study
by Jurvelin et al. [36], who tested adult beagle dogs.
These regional differences were already estab-
lished in the young, ten-week old rabbits and did
not change during further maturation. This
suggests that proteoglycans may not be the only
factor, which influences articular cartilage com-
pressive properties.
Collagen mainly gives articular cartilage its
form and tensile strength [32, 37]. The influence of
collagen on articular cartilage compressive prop-
erties is not yet completely understood. One study
demonstrated that the 2-second creep modulus was
almost independent of the natural variation in
collagen content [32]. Mizrahi et al. [38] and
Jurvelin et al. [39] proposed that rather the
collagen network arrangement than its total
content may influence instant deformation during
loading and subsequently the instantaneous modu-
lus. Camosso and Marotti [17] demonstrated that
the different orientation of the collagen fibers in
the intermediate and deeper cartilage zones in
three-, fourteen-month and ten-year-old cows
corresponded to different compressive properties.
We observed a significant change of the collagen
fiber bundle arrangement in the deeper cartilage
layers from a mesh-like structure in the ten-week-
old animals to a more perpendicular orientation in
the older animals. These structural changes
coincided with the change in compressive proper-
ties during early maturation.
Beside the obvious importance of cartilage
matrix components for cartilage mechanical prop-
erties, the results of this study raise the important
question of whether cartilage mechanics may also
depend on the configuration of subchondral bone.
For a long time it has been suggested that the
quality of subchondral bone has a profound effect
on the ability of the bone–cartilage unit in joints
to withstand compressive dynamic forces [40], and
that cartilage degeneration is associated with and
temporally follows relative stiffening of subchon-
dral bone [41]. This latter postulation is supported
by the fact that the cartilage change in os-
teoarthrosis as a rule is associated with significant
alterations of subchondral bone [42–45]. Recently,
Rohl et al. [31] reported positive correlations
between the stiffness of articular cartilage and the
cancellous bone below the subchondral plate of
cylindrical specimens from normal human cadaver
tibiae, but they did not assess the mechanical
properties of the subchondral bone plate itself.
Kolmonen et al. [19] reported discrepancies in axial
strain during unconfined compression between
cartilage samples with and without subchondral
bone, thus pointing to that subchondral bone may
influence cartilage mechanical properties. The
decrease in instantaneous modulus during matu-
ration as shown here indicates that adolescent and
adult cartilage deforms more rapidly during the
initial loading phase, which may make it more
vulnerable to trauma than young cartilage.
However, this general cartilage softening may be
a natural answer to increasing joint size and
contact areas during growth.
Articular cartilage compressive stiffness (instan-
taneous modulus) in rabbit knee joints decreased
after puberty and stayed then the same to
adulthood. The change coincided with a conspicu-
ous structural remodeling of the cartilage collagen
matrix and subchondral bone morphology, and a
simultaneous increase in subchondral volume
fraction. We are aware that rabbit articular
cartilage properties are different from man [46].
Hence, the relevance of the present findings to
human condition needs to be investigated in the
future. If it is true that cartilage short term
stiffness is influenced by the configuration of
subchondral bone, it might change in a joint with
altered bone architecture, even without initial
injury to the cartilage.
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